SUMMARY
The past, present, and future of space fuel cell power systems is reviewed, starting with the first practical fuel ceil by F.T. Bacon which led to the 1.5 kW Apollo alkaline fuel ce11.
However, the first fuel cell to be used for space power was the Gemini 1.0 kN acid IEM fuel cell. 
INTRODUCTION
The first practical fuel cell resulted from work begun in England in 1932 by F.T. Bacon.
Eventually a 5 kW hydrogen-oxygen, alkaline electrolyte system developed by Bacon demonstrated its capability by powering a welding machine, a circular saw, and a 2-ton fork lift truck.
With these and other demonstrations of the applications of this "new" power device, the fuel cell had finally apparently emerged from the laboratory.
However, it was the worldwide attention to NASA space missions that introduced "fuel cell" to the vocabulary of millions of people.
Ironically, it has probably been the announcement, during space flights, of real or suspected fuel cell malfunctions, rather than the usual smooth performance of the fuel cells in space, that has given fuel cells their wide recognition.
(The aborted Apollo 13 flight was a case in point. A prelaunch malfunction of an oxygen feed control component -not the proclaimed fuel cell problem -was the real cause of the near disaster that attracted the attention of many millions of people.)
THE PAST
In the early years of U.S. space flight, the fuel cell was selected over other competing power systems because of its greater promise to meet the on-board power requirements of planned NASA extended duration manned missions. In addition to satisfying the power, efficiency, weight, life, reliability, safety, mlssion flexib111ty, development maturity, etc. requirements, the fuel cell offered a numberof special advantages over competing power systems. Noteworthy amongthese advantages was the abillty of the hydrogen-oxygen fuel cell to supply potable water (the product of the electrochemical reaction) for For the Gemini earth-orbiting mission (1962 to 1965) fuel cells were successful in supplying power in a reliable manner.
The General Electric (GE) fuel cells that were used for seven fights of that mission utilized solid polymer electrolytes (called an ion-exchange membrane (IEM) at that tlme) consisting of a cationic membrane of sulfonated polystyrene resin.
This type of electrolyte had mobile H+ ions in well-defined electrolyte boundaries.
The advantage of the obvious ease of electrolyte containment was offset by the ohmic resistance of the membrane, which contributed to the lower performance (voltage efficiency) of the IEM than of alkaline Cuel cell systems such as that used for the Apollo missions that followed.
Making the membrane thin mlnlmized, as much as possible, the effect of high ohmic resistance.
(In the 1980's there has been considerable improvement in the performance of this concept, now called the Proton Exchange Membrane, or PEM. This is dlscussed in "The Future" section.)
The A special problem of the Gemini IEM fuel cell was its sensitivity to membrane water content.
Nith insufficient water the membrane would dry out and often crack.
On the other hand, the membrane could not hold too much water. A flooded electrode was often the result.
Both extremes would result in a severe performance loss.
To avoid the problem of excess water, the Gemini fuel cell design utilized wicks to carry excess water to a ceramic porous separator where the water was separated from the oxygen and sent to an accumulator for storage. However, for space use, the heavy, high pressure Bacon cell was not directly suitable.
For the Apollo fuel cell, the pressure was lowered from 600 to 50 psi.
To prevent the KOH from boiling at 205°C, the KOH concentration was increased from 30 to 75 percent.
But, at ambient temperature 75 percent KOH is solid.
However, this proved not to be a significant problem. Finally, the temperature was raised to 260°C to recover the performance lost by the pressure reduction.
The Apollo fuel cell included Bacon's double-porosity layer nickel electrodes designed to maintain the gas-electrolyte interface at the boundary between the pore size regions.
The anode was porous nickel while the cathode was lithiated, oxidized porous nickel.
Because of the high temperature <maximum) of 260°C a highly active catalyst like Pt was not needed as can the case of the Gemini fuel cell which operated at 70°F. At 260°C and a current density of 150 A/ft 2 the voltage was 0.87 V/cell, while at its nominal operating temperature of 204°C it produced 0.72 V at 150 A/ft 2.
The performance of the Gemini fuel cell was lower. The KOH-H20 electrolyte solution was pressurized to 53.5 psia while each reactant gas cavity was maintained at 63 psia.
The operating pressure of the system and relative pressure differentials affected the fuel cell performance. The latter determined the location of the reactant-electrolyte interface.
PRESENT Bacon might not recognize the "grandchild" of his alkaline fuel cell today, the Orbiter fuel ceil.
The high pressure, very heavy construction of Bacon's fuel cell was already gone in the Apollo fuel cell.
In the Orbiter fuel cell, United Technologies Corp. (the new name for the Pratt & Whitney fuel cell organization) dropped the dual porosity electrodes. In the place of free electrolyte, the Orbitor electrolyte held the 32 percent KOH electrolyte in an asbestos matrix.
,Another change was the cell temperature, which was reduced to 93°C. At this temperature an electrocatalyst was required to achieve a reasonable performance.
The operating pressure is 60 psia. The electrodes consisted of gold plated Ni screens upon which a catalyst layer and PTFE was applied.
The hydrophobic PTFE provided gas passages through the electrode. The catalyst loading on each electrode is 20 mg/cm L Au Pt alloy on the cathode and lO mg/cm 2 Pt on the anode.
Heat generated by the fuel cell reaction is transferred to the fuel cell's coolant system. The fuel cell coolant system, containing a fluorinated hydrocarbon dielectric liquid, transfers the heat through the Orbiter's heat exchangers to the freon coolant system.
The Space Shuttle Orbiter is equipped with three fuel cell powerplants supplying 12 kN at peak and 7 kW average power.
Each powerplant weighs 250 lb. The Orbiter's fuel cell powerplants are 50 Ib lighter and deliver up to 8 times as much power as those of Apollo.
The fuel cell powerplants are started approximately 8 hr prior to launch, using ground-suppl_ed hydrogen and oxygen reactants. Approximately 7 min is required to bring the powerplants to full operating capacity.
After startup, the fuel cells share spacecraft electrical loads with ground power support. About 3 min prior to launch, the spacecraft automatically switches to onboard reactant supply and the fuel cells become the sole source of electrical power for the spacecraft for the duration of the mission.
Approximately every 8 hr during the mission each fuel cell powerplant is ourged for 2 min to remove Inert gases from the system. These systems will also be required to augment and serve as back-up power sources for the permanent nuclear-powered bases.
Because the solar-based surface power system must supply usable power contlnuously, that is during the day as well as the night, a regenerative system is required.
During the daylight hours the power generation subsystem will recharge the energy storage subsystem and also supply power directly to the system's electrical loads.
Thus, continuous power is supplied to the load: it is provided by the power generation subsystem during sun periods and from the energy storage subsystem during periods of darkness.
In a Lunar application, the period of darkness extends for 2 weeks, while a Mars application presents a more manageable 12-hr night.
Both applications require very high energy density and reliable energy storage systems. The highest potential for successfully achieving surface power storage capabilities for these applications lies in the regenerative fuel cell (RFC) concept. The regenerative fuel cell system is depicted in figure I . During the light portion of the orbit the photovoltaic solar arrays generate sufficient power to service the system electrical loads plus a water electrolysis unit.
The amount of electrical energy required by the electrolysis unit is dictated by the amount of hydrogen and oxygen needed to generate power in a fuel cell, which supplies the electrical loads during the dark portion of the orbit.
In generating this power, water is produced by the fuel cell as a by-product of the electrochemical reaction.
To complete the cycle, the by-product water is collected and stored for use in the electrolyzer during the succeeding orbit.
The mass and specific energy benefits to be realized by employing a regenerative fuel cell system are displayed in figure 2. Low system mass for a Here the fuel cell is to supply both on-board power and high power density, short burst power for electrical control system accuators.
The European space program also plans to use fuel cell systems to satisfy spacecraft power requirements.
Hermes, the European manned reusable space plane will requlre 3 to 4 kW for low earth orbit missions.
Its electrical system will utl]Ize fuel cells as the primary power source and lithium primary batteries as a back-up/peak power supply (peak of 15 kW).
For future European spacecraft hlgh power requirements, European organizations have been studying RFC systems. Figure 4 is a graphic depiction of the progress in space fuel cell power, as well as the hope for the future In particular applications.
CONCLUDING REMARKS
(However, thls flgure does not depict the progress leading to the important future NASA space fuel cell application discussed In this paper, namely the RFC for Lunar and Mars surface power energy storage.)
In terms of specific weight it illustrates the steady improvement from the past to the present, from the close to 200 Ib/kN of the Apollo 1.5 kW powerplant to the 20 Ib/kW of the Orbiter 12 kN fuel cell powerplant of today.
Based on technology development both underway and planned, it forecasts meeting the goals of (1) about 1.5 Ib/kW, in about 1993, for the 300 KW NSTS fuel cell powerplant, and (2) about 0.5 lb/kW for the very high power density, short duration applications at the beginning of the 21st century. 
